Mycobacterium tuberculosis strains isolated from human patients were sequenced. Seventy-six percent of EMBresistant organisms had an amino acid replacement or other molecular change not found in EMB-susceptible strains. Thirty-eight (51%) EMB-resistant isolates had a resistance-associated mutation in only 1 of the 12 genes sequenced. Nineteen EMB-resistant isolates had resistance-associated nucleotide changes that conferred amino acid replacements or upstream potential regulatory region mutations in two or more genes. Most isolates (68%) with resistance-associated mutations in a single gene had nucleotide changes in embB, a gene encoding an arabinosyltransferase involved in cell wall biosynthesis. The majority of these mutations resulted in amino acid replacements at position 306 or 406 of EmbB. Resistance-associated mutations were also identified in several genes recently shown to be upregulated in response to exposure of M. tuberculosis to EMB in vitro, including genes in the iniA operon. Approximately one-fourth of the organisms studied lacked mutations inferred to participate in EMB resistance, a result indicating that one or more genes that mediate resistance to this drug remain to be discovered. Taken together, the results indicate that there are multiple molecular pathways to the EMB resistance phenotype.
Ethambutol [EMB; (S, S)-2,2Ј-(ethylenediimino)di-1-buta-
nol] is used worldwide as one of the primary antituberculosis agents. The mechanism of action and the molecular genetic basis of resistance to EMB are not fully understood. Only the dextro isomer of EMB is biologically active, an observation consistent with the idea that the drug binds to a specific cellular target (7, 37) . Several studies have implicated membrane-associated arabinosyltransferases as targets for EMB (1, 5, 20, 22) . These enzymes are well conserved in mycobacteria and are involved in the biosynthesis of arabinan, a component of arabinogalactan present in cell walls (6, 8, 17, 33, 34, 39) . Inhibition of arabinan synthesis leads to accumulation of mycolic acids and eventually to cell death.
Three contiguous genes encoding arabinosyltransferases and designated embC, embA, and embB have been identified in Mycobacterium tuberculosis (35) . The proteins encoded by these genes are about 65% identical to each other. Previous studies based on limited sequencing of the 10-kb region containing the embCAB genes have identified mutations that result in replacement of amino acid residues and are found only in EMB-resistant organisms cultured from humans. The most commonly affected amino acid was Met306 of EmbB. For example, Sreevatsan et al. (31) identified five distinct mutant codons that resulted in replacement of wild-type Met306 with Ile, Leu, or Val, a result suggesting that EmbB is one of the targets of EMB. Mutations located at the corresponding codon of the embB gene in Mycobacterium smegmatis were also present in EMB-resistant strains (19) . Gene transfer experiments showed that mutations in embB conferred EMB resistance in M. smegmatis (1, 5, 19, 35) . Telenti et al. (35) postulated that EmbB amino acid 306 is located in a cytoplasmic loop that forms an EMB resistance-determining region (ERDR), and Alcaide et al. (1) showed that amino acids in this region are well conserved among EmbB proteins made by M. tuberculosis, Mycobacterium leprae, M. smegmatis, and many other mycobacterial species. In addition, it was reported that high-level natural resistance to EMB was associated with a variant amino acid motif in the ERDRs of M. leprae, Mycobacterium abscessus, and Mycobacterium chelonae (1) . Transfer of a variant M. abscessus embB allele to M. smegmatis resulted in a 500-fold increase in the EMB MIC, a result that provides additional support for the idea that the ERDR participates in resistance to this drug.
Although analysis of EMB-resistant clinical isolates of M. tuberculosis identified embB amino acid-conferring mutations in approximately 50 to 70% isolates with resistance-associated polymorphisms, few resistant organisms have been sequenced in their entirety for the embCAB genes. Importantly, the cause of EMB resistance in isolates that lack mutations in the ERDR of EmbB is unknown (27) . In addition, there have been no studies of resistance-associated polymorphisms in genes recently found to be upregulated in vitro in response to EMB exposure. Identification of additional mutations that occur in EMB-resistant organisms will assist in providing an understanding the mechanisms of resistance to this primary antituberculosis agent and provide a starting point for biochemical and other studies of the variant molecules. In the present analysis, we sequenced all genes implicated in EMB resistance in a sample of 75 EMB-resistant isolates from diverse localities that have arisen independently in the course of therapy.
MATERIALS AND METHODS
Bacterial isolates, MIC determination, and DNA extraction. Seventy-five epidemiologically unrelated EMB-resistant and 33 EMB-susceptible isolates of M. tuberculosis cultured from patients with pulmonary and extrapulmonary tuberculosis were studied. The resistant isolates were obtained from diverse geographic localities in the New York City region (n ϭ 49 isolates), the former Soviet Union (n ϭ 22 isolates), and Texas and Colorado (n ϭ 2 each). EMBsusceptible organisms were obtained from these same geographic areas. The EMB-resistant and EMB-susceptible isolates were chosen to represent all three principal genetic groups of M. tuberculosis. In addition, on the basis of IS6110 profiling and genetic group designation, the chromosomal genotypes of the susceptible control organisms were judged to be closely similar to those of many of the EMB-resistant organisms.
All isolates were initially classified as EMB resistant or susceptible in routine diagnostic laboratories by the BACTEC radiorespiratory method (7.5 g/ml) or by agar diffusion with Middlebrook 7H10 medium (5 g/ml) (15) . To determine EMB MICs, susceptibility testing was performed by agar diffusion with Middlebrook 7H10 medium and EMB at the following concentrations: 0, 1, 5, 10, 20, 30, 40, and 50 g/ml (25) . Discrepancies between phenotypic susceptibility results and genotypic data were resolved by redetermination of the EMB MICs and reanalysis of the genotypic data. Genomic DNA was isolated from bacteria grown on Lowenstein-Jensen media. All bacterial growth and DNA extraction procedures were conducted in a biosafety level 3 facility. IS6110 profiling. Epidemiological independence was assessed for the 75 resistant and 33 susceptible isolates by IS6110 profiling (36) . The hybridizing DNA fragments were visualized by enhanced chemiluminescence, and the band patterns were compared by computer-assisted image analysis. The number of hybridizing bands ranged from 1 to 20. The majority of organisms had unique IS6110 profiles, a result indicating epidemiological independence. Fourteen of the 75 isolates shared five IS6110 patterns designated C, KY, P, and W187 (n ϭ 2 isolates each) and W148 (n ϭ 6 isolates). Although these organisms shared IS6110 profiles, drug resistance was thought to have arisen independently in these organisms on the basis of available epidemiological information, including recovery of the isolates from patients living in communities located thousands of miles apart.
Principal genetic group assignment. All isolates were assigned to one of three principal genetic groups on the basis of polymorphisms present in gyrA codon 95 and katG codon 463 (32) .
PCR amplification and sequencing strategy. The 12 genes analyzed for nucleotide sequence variation are listed in Table 1 . A GeneAmp System 9700 thermocycler (Perkin-Elmer Corp., Foster City, Calif.) was used for all DNA amplifications. For each nucleotide polymorphism identified in the EMB-resistant isolates, we sequenced the relevant gene region in at least five EMBsusceptible isolates selected to be genetically similar to the resistant organism on the basis of principal genetic group assignment and the IS6110 profile. This sampling strategy was used to maximize the likelihood of identifying the polymorphic nucleotide in the susceptible organisms. The PCR primers and conditions used to sequence the 12 genes are listed in Table 2 . DNA sequencing reactions were performed with the BigDye terminator cycle sequencing kit with AmpliTaq DNA polymerase FS (Applied Biosystems, Inc., Foster City, Calif.). Sequence data generated with an ABI 377 automated instrument were assembled and edited electronically with ALIGN, EDITSEQ, and MEGALIGN programs (DNASTAR, Madison, Wis.) and were compared with the corresponding sequence found in the published H37Rv sequence (10) .
RESULTS
Overall nucleotide variation. Approximately 1.6 Mb of the genes of the 75 EMB-resistant M. tuberculosis isolates were sequenced. Only 29 sites with polymorphic synonymous (silent, not resulting in amino acid replacement) substitutions were identified, a result confirming that unselected nucleotide variation in structural genes is very limited in M. tuberculosis (32) . Inasmuch as these 29 silent nucleotide changes would not result in amino acid replacements, they are unlikely to participate in drug resistance. Hence, they will not be considered further when describing the sequencing results for the 12 genes studied. (A listing of the 29 silent nucleotide polymorphisms is available by request from S.V.R.). Thirty-eight (51%) of the 75 EMB-resistant M. tuberculosis isolates studied had an EMB resistance-associated mutation in only 1 of the 12 genes sequenced (Table 3) .
Polymorphisms in the embCAB operon. Twenty-five codons in the embCAB operon had mutations that would result in amino acid replacements. The analysis also identified three polymorphic nucleotide sites and one nucleotide insertion located in the embC-embA intergenic region. To determine if these mutations occur among EMB-resistant organisms, we next sequenced the analogous gene region containing each polymorphic nucleotide in at least five genetically related EMB-susceptible organisms. The susceptible organisms characterized had the same principal genetic group as the resistant organisms and IS6110 profiles similar to those for the resistant organisms (the profiles generally differed by one hybridizing IS6110 band). Four of the 25 variant codons were also identified in the EMB-susceptible bacteria, which means that 21 of the variable amino acid sites were uniquely represented in the EMB-resistant strains (Fig. 1) . The four variable codons found in both susceptible and resistant organisms (embC codon 270, embC codon 981, embA codon 206, and embB codon 378) were each confined to strains of the same principal genetic group, including many with related IS6110 profiles. The sequencing results support the idea that these four variant amino acids do not confer EMB resistance but, rather, are changes that have arisen in the course of evolution and that have been maintained by clonally related organisms. All nucleotide polymorphisms located in the embC-embA intergenic region occurred only in EMB-resistant organisms, suggesting that these changes are resistance associated rather than surrogate markers of resistant strains.
(i) Polymorphisms in the embC gene. The embC gene had two EMB resistance-associated nonsynonymous (resulting in an amino acid replacement) mutations located in codon 394 (AAC3GAC, Asn3Asp) and codon 738 (CGG3CAG, Arg3Gln) (Fig. 1) . Each of these variant amino acids was identified in one strain. Although the Asn394Asp and Arg738Gln replacements were present only in EMB-resistant organisms in our sample, these two strains also had other amino acid replacements exclusively found in resistant organisms. Hence, it is unclear if the EmbC amino acid replacements alone would confer EMB resistance. We note that Asn394 was conserved in M. smegmatis and M. leprae and Arg738 was conserved in M. smegmatis (Fig. 1) .
(ii) Polymorphisms in the embC-embA intergenic region. Eight isolates had resistance-associated nucleotide changes located in the embC-embA intergenic region (Fig. 1 ). All isolates with these mutations also had resistance-associated amino acid replacements in EmbA (n ϭ 1 isolate) or EmbB (n ϭ 7 isolates), suggesting that the intergenic polymorphisms are secondary or compensatory changes. The observation that the mutations that occurred at positions Ϫ11 (C3A), Ϫ12 (C3T), and Ϫ16 (C3T or G) are all located in or immediately adjacent to a 6-bp putative TATA box (TACCAT) (Fig. 1 ) is consistent with this idea (3).
(iii) Polymorphisms in the embA gene. Eight EMB resistance-associated amino acid replacements were identified in EmbA (Fig. 1) . Four of these eight amino acids were conserved in M. smegmatis, M. leprae, and M. avium, and the other four amino acids were conserved in at least one of these three mycobacterial species. Amino acid changes at positions 462 (Ala3Val) and 913 (Pro3Ser) were present in two isolates each, and the other six amino acid replacements were identified in a total of five isolates.
(iv) Polymorphisms in the embB gene. Our sequence analysis of the embB gene identified 41 isolates with EMB resistance-associated nucleotide substitutions in 11 distinct codons ( Fig. 1 ). Four codons (codons 306, 328, 406, and 497) had mutations that would result in two, three, or four different amino acid replacements. For example, Met306 was replaced by Ile, Leu, and Val, and Gly406 was altered to Ala, Asp, Cys, a D, length of denaturation at 94°C; A, primer annealing conditions; E, length of extension at 72°C. All PCRs were 25 cycles, were preceded by a denaturation step at 94°C for 3 min, and included a final extension step at 72°C for 7 min.
and Ser (Fig. 1) . Twenty-six isolates had resistance-associated mutations only in EmbB. The 15 isolates with EmbB amino acid replacements plus a resistance-associated change in one or more additional genes usually had a putative regulatory mutation in the embC-embA intergenic region (n ϭ 7 isolates) or a resistance-associated mutation that was identified only in organisms with an EmbB amino acid replacement (n ϭ 8 isolates).
(v) Summary. To summarize, 49 of the 75 (65%) isolates studied had EMB resistance-associated mutations identified in the embCAB operon. Twenty-one distinct codons had mutations that were exclusively represented among EMB-resistant organisms. Thirty of the 49 isolates had resistance-associated mutations in only 1 of the 12 genes sequenced, whereas 19 isolates with an embCAB mutation had a resistance-associated mutation in one or more genes. All amino acids with resistance-associated replacements were conserved in M. smegmatis, M. leprae, or M. avium, and 14 of the affected amino acids were conserved in the homologous genes present in all of these species. Interestingly, no amino acid replacements were identified between positions 498 and 737 in all the Emb proteins, an observation suggesting that amino acid changes in these residues are selected against.
Polymorphisms in embR. The embC gene is absent from M. avium, and a gene designated embR is found in its place immediately upstream of the embAB genes (5). Belanger et al. (5) used an M. avium EMB-sensitive cell-free assay for arabinan biosynthesis to show that overexpression of EmbAB was associated with high-level EMB-resistant arabinosyltransferase activity. EmbR modulated the level of this arabinosyltransferase activity in vitro (5) . This observation and the relatedness of EmbR to transcriptional activators such as ToxR, which regulates cholera toxin production, led to the hypothesis that EmbR regulated expression of embAB genes in M. avium. However, the role of EmbR in M. tuberculosis physiology is unknown, and no information regarding embR mutations in EMB-resistant organisms is available. In contrast to M. avium, an embR homologue is located 2 Mb from the embCAB locus in M. tuberculosis rather than immediately upstream of the embAB genes (10).
We sequenced embR and its upstream putative regulatory region in the 75 EMB-resistant isolates. Two nonsynonymous nucleotide substitutions resulting in Cys110Tyr and Gln379Arg replacements and two upstream regulatory region changes were identified. However, sequence analysis of the homologous gene regions in EMB-susceptible strains revealed that only the Gln379Arg replacement and an adenine insertion at position Ϫ137 upstream of the EmbR start codon were exclusively represented in EMB-resistant isolates ( Fig. 2A) . Each of these two changes was identified in one isolate, and these were the only resistance-associated mutations identified in the organisms.
Polymorphisms in Rv3124. The M. tuberculosis H37Rv genome also contains a gene designated Rv3124 that encodes a protein of unknown function that is 55% identical to M. tuberculosis EmbR (10). This gene and upstream region were sequenced in the 75 EMB-resistant isolates, and mutations were identified in three strains. One organism each had a nonsynonymous substitution resulting in a Pro54Ser or Leu276Arg replacement (Fig. 2B ). In addition, one organism had an upstream nucleotide substitution (adenine3guanine) located at position Ϫ16 relative to the start codon. These polymorphisms were not present in the EMB-susceptible isolates characterized. However, all three isolates with the Rv3124 mutations had EMB resistance-associated changes in other genes including embC (n ϭ 1 isolate) and embB (n ϭ 2 isolates).
Polymorphisms in the ini chromosomal region. The ini chromosomal region has five genes designated Rv0339c, Rv0340, iniB, iniA, and iniC (Fig. 3) . Three of these genes (iniB, iniA, and iniC) are organized as an operon. The Rv0340 gene is located upstream of the iniBAC operon and is transcribed in the same orientation. The Rv0339c gene is upstream of Rv0340 but is transcribed in the opposite direction. The ini genes were originally identified on the basis of being induced by isoniazid and EMB treatment in vitro (2) . Hence, we elected to sequence Rv0340 and the iniBAC genes in all 75 EMB-resistant isolates.
Four EMB-resistant isolates had mutations in the Rv0340 gene (Fig. 3) . Three isolates had a Thr143Met replacement, and one isolate had a deletion of a guanine residue located at position Ϫ24 upstream of the start codon. All four strains with these polymorphisms also had other EMB resistance-associated mutations including changes in embC (n ϭ 1 isolate) and embB (n ϭ 3 isolates). Sequence analysis of the Rv0340 gene in EMB-susceptible organisms identified the Thr143Met polymorphism in two organisms. The three EMB-resistant and two EMB-susceptible organisms with this change were all members of principal genetic group 1 and had related IS6110 profiles. Taken together, the results indicate that this polymorphism does not confer EMB resistance. In contrast, the guanine deletion at position Ϫ24 was not identified in EMB-susceptible control organisms.
The iniB gene would encode a protein with weak homology to alanine-glycine-rich cell wall structural proteins (2). Two EMB-resistant isolates had polymorphisms in the iniB gene (Ala47Thr) or upstream region (C3T at position Ϫ89) that were exclusively represented in EMB-resistant organisms.
iniA would encode a protein with a phosphopantetheine attachment site motif that is characteristic of acyl-carrier proteins. Eight isolates had EMB resistance-associated amino acid replacements in IniA, including one organism with a 
a The MIC range shown is for the isolates with single-locus mutations. The MICs for isolates with multiple-locus mutations are shown in Table 4 .
b The four embA mutations were Ala462Val (n ϭ 2) and Gly321Ser and Asp833Ala (n ϭ 1 each). The embB mutations were Met306Val (n ϭ 7), Met306Ile (n ϭ 4), Gln497Arg (n ϭ 3), Gly406Ala and Gly406Cys (n ϭ 2 each), and Ser297Ala, Met306Leu, Asp328Gly, Phe330Val, Gly406Asp, Asp959Ala, Met1000Arg, and Asp1024Asn (n ϭ 1 each). The two embR mutations were Gln379Arg and a change at position Ϫ137, an A insertion (n ϭ 1 each). The iniB mutation was A47T. Two isolates had Ser501Trp changes in iniA. The rmlD changes were T284K (n ϭ 1) and a change at position Ϫ71, G3T (n ϭ 2). Nineteen isolates had EMB-resistance associated mutations in two or more genes.
Gly308Arg polymorphism and seven strains with Ser501Trp changes. Although these amino acid replacements were not identified in the EMB-susceptible control organisms that we characterized, five of the seven strains with iniA mutations also had EMB resistance-associated polymorphisms in other genes studied. We note that computer modeling suggests that the Ser501Trp polymorphism is located in the middle of a transmembrane domain of IniA (30) .
The iniC gene would encode a protein that is 34% identical to IniA (2). Two isolates had EMB resistance-associated changes in the iniC gene. Both of these organisms also had other resistance-associated polymorphisms.
Polymorphisms in the rmlD chromosomal region. The rmlD chromosomal region consists of three genes designated rmlD, wbbL, and rmlA2 that are transcribed in the same direction. On the basis of amino acid homology, the proteins encoded by these genes may be enzymes that participate in the modification of rhamnose residues prior to incorporation into the M. tuberculosis cell wall and that are suspected on the basis of biochemical analyses to participate in EMB interactions (20, 21, 23 ; C. E. Barry III, personal communication). Sequence analysis of these three genes in the 75 EMB-resistant organisms identified four nucleotide polymorphisms, including two and one nonsynonymous substitutions in rmlD (Ser257Pro and Thr284Lys) and rmlA2 (Asp152Asn), respectively (Fig. 4) . Two isolates also had a guanine3thymidine change located at position Ϫ71 upstream of the start codon in rmlD. These two isolates did not have EMB resistance-associated changes in the other 11 genes sequenced, and the MICs for the isolates were greater than 50 g/ml. For one other isolate the MIC was Ͼ50 g/ml, and it had a Thr284Lys substitution in RmlD and lacked other EMB-resistance associated changes.
Relationship of mutations and EMB MICs. Several reports have noted a strong correlation between MICs and distinct resistance-associated mutations for several antituberculosis drugs (27, 31) . For example, Sreevatsan et al. (31) reported that the MICs for EMB-resistant organisms with EmbB Met306Ile replacements were generally lower (20 g/ml) than those for strains with the Met306Leu and Met306Val substitutions (40 g/ml). Analysis of the MICs for the 75 EMBresistant strains confirmed this observation for the amino acid polymorphisms for EmbB at codon 306. We also found that EMB MICs were generally Ն30 g/ml for organisms with amino acid replacements in EmbB at codon 406 and EmbB at codon 497. There was no apparent difference in the EMB MICs for organisms with mutations in the other genes analyzed. There was also no simple correlation between MICs for strains with single or multiple resistance-associated mutations (Table 4) .
DISCUSSION
EMB has been used as a primary drug for the treatment of tuberculosis since the 1960s (13, 15, 16) . Several hypotheses have been advanced to explain the mechanism of action of EMB. Most early studies pointed toward a detrimental alteration of the mycobacterial cell wall structure, although pleiotropic effects have been described (4, 9, 12, 14, 18, 26, 29, 34) . Biochemical evidence has implicated arabinosyltransferases as EMB targets, and this concept has been supported by recent molecular genetic data obtained from study of M. avium, M. smegmatis, and M. tuberculosis (1, 5, 20, 39) . Telenti et al. (35) reported that mutations in the M. tuberculosis and M. smegmatis embCAB operon were associated with EMB resistance. Sreevatsan et al. (31) confirmed that certain mutations in the embCAB operon were exclusively associated with EMB-resistant M. tuberculosis. In particular, amino acid replacements at position 306 of EmbB were shown to be abundantly represented among EMB-resistant, but not EMB-susceptible, organisms. However, knowledge of the spectrum of mutations that may participate in EMB resistance is relatively limited for three reasons. First, the embCAB operon is approximately 10 kb in length, a size that hinders complete sequence analysis. For example, only 7.5 kb of this 10-kb chromosomal region has been sequenced for 19 M. tuberculosis strains (27, 31) . Second, recently several additional chromosomal loci that encode pro- teins that may participate in the response of M. tuberculosis to EMB treatment have been identified (2) . The identification of these genes raises the possibility that mutations in them confer EMB resistance. However, thus far sequence variation in these genes has not been studied in EMB-resistant and -susceptible organisms. This strategy has been fruitful in the early stages of investigating the molecular genetic basis of resistance to several other antituberculosis drugs, including rifampin, isoniazid, streptomycin, and pyrazinamide (27) . In addition, information of this type is required to assist in the development of rapid genetic molecular methods to identify drug-resistant M. tuberculosis isolates. Third, although some information has been reported, there is a need for additional data bearing on the association between EMB resistance-associated mutations and MICs of this drug. Analysis of multiple candidate genes is also important because Telenti et al. (35) have provided evidence that EMB resistance is selected in a stepwise fashion that could involve several genes. To address these areas in which knowledge is lacking, we sequenced all 12 genes that may participate in EMB resistance in a sample of 75 organisms recovered from diverse geographic localities and judged to have acquired EMB resistance independently. Low rate of silent nucleotide substitutions. Our data confirmed the rarity of synonymous nucleotide substitutions in structural genes in M. tuberculosis isolates recovered from intercontinental sources. We identified only 29 polymorphic synonymous sites in the ϳ1.6 Mb sequenced in the 75 EMBresistant organisms. The restricted occurrence of silent nucleotide substitutions in M. tuberculosis is consistent with the hypothesis that the species is evolutionarily new, perhaps having arisen as recently as 15,000 to 20,000 years ago (32) .
embCAB resistance-associated mutations are common. Previous molecular genetic studies provided evidence that the arabinosyltransferases encoded by the embCAB operon are targets for EMB and that amino acid replacements in these proteins confer EMB resistance (1, 5, 19, 31, 35) . Our analysis provided additional data that support this idea. We identified 21 distinct codons that had mutations that confer amino acid replacements that were present in EMB-resistant organisms but not related EMB-susceptible control strains. Importantly, TN2050  Ͼ50  Q497K  89 UPS, C3T  TN2946  40  G745D  G308R  TN4864  30  12 UPS, C3T  Q497K  TN5480  20  M306I  D152N  TN5534  40  R738Q 16 UPS, C3T  M306I  P54S  TN6980  40  D4N  G406D  TN7289  50  N394D G350D  L276R  24 UPS, G del  P913S  TN8199  20  43 UPS, CG del M306I  TN8560  30  12 UPS, C3T  Q497R  S501W  TN8561  30  43 UPS, CG del G406S  TN8564  Ͼ10  16 UPS, C3G  S501W  TN8565  5  S501W  P248A  TN8568  30  M306I  S501W  TN8575  30  12 UPS, C3T  M1000R  TN8708  10  M306I  16 UPS, A3G  HN56  40  P913S  Q351STOP  NHN203  30  A201T  D328Y  Y334H  TN718  20  11 UPS, C3A  M306I  G406A  TN1618  20  G5S  M306I a The single-letter amino acid designations used are as follows: A, alanine; D, aspartic acid; G, glycine; H, histidine; I, isoleucine; K, lysine; L, leucine; M, methionine; N, asparagine; P, proline; Q, glutamine; R, arginine; S, serine; T, threonine; W, tryptophan; and Y, tyrosine. The single-letter nucleotide designations used are as follows: A, adenine; C, cytosine; G, guanine; and T, thymidine. The other abbreviations are as follows: UPS, nucleotide position upstream of the start codon; del, deletion of the nucleotide bases; STOP, termination mutation.
four embB codons (codons 306, 328, 406, and 497) had multiple mutations that would result in two, three, or four different amino acid replacements in the EmbB protein. Multiple amino acid replacements in EmbB306 were reported previously, but the identification of distinct mutations that repeatedly alter amino acid residues Asp328, Gly406, and Glu497 is new (31) . The occurrence of multiple mutations that affect the same codon and produce different amino acid replacements is a hallmark of positive Darwinian selection by antibiotic pressure. The amino acid polymorphisms found at position 406 of EmbB were unanticipated because previous studies of embB sequence variation in EMB-resistant organisms did not identify mutations in this codon. The reason for the lack of identification of codon 406 changes in previous studies is unclear, although it may relate to the relatively few strains sequenced completely for the embB gene (31) . In addition, we note that the PCR primers used by several investigators to identify codon 306 polymorphisms would not amplify the embB codon 406 region (1, 31, 35) .
Another unexpected finding from sequencing of the complete embCAB operon was the identification of five distinct resistance-associated nucleotide changes in the embC-embA intergenic region. Previous studies had not identified EMB resistance-associated mutations in this region of the operon. Four of the five nucleotides with mutations were located at positions Ϫ11, Ϫ12, and Ϫ16 relative to the embA start codon. Inspection of this area of the intergenic region found that these nucleotide changes fall within or adjacent to a putative TATA box, an observation suggesting that these mutations may be in a regulatory region (3, 11, 24) . Consistent with this idea is the fact that all EMB-resistant organisms with these embC-embA intergenic changes also had resistance-associated amino acid replacements in EmbA or EmbB. On the presumption that the EmbA and EmbB polymorphisms confer EMB resistance, we speculate that the intergenic region changes are compensatory or secondary mutations. Under this hypothesis these mutations result in altered regulation of expression of EmbA and/or EmbB. Compensatory mutations selected by exposure to toxic drugs also have been identified in isoniazid-resistant organisms in the upstream regulatory region of the two-gene operon containing mabA and inhA and in the regulatory region of the ahpC gene encoding alkylhydroperoxide reductase (27) . Potentially at variance with the compensatory change hypothesis is the report by Telenti et al. (35) that no transcription initiation site was identified in the wild-type embC-embA intergenic region by primer extension analysis. However, it is possible that the mutations that we identified create a new transcriptional start site in the mutant organisms where none existed previously in the wild-type strains. Studies are under way to determine molecular support for this compensatory mutation hypothesis.
Of note, considerably fewer distinct EMB resistance-associated amino acid replacements were identified in EmbC (n ϭ 2) compared to the number identified in EmbA (n ϭ 8) and EmbB (n ϭ 18). One possibility that may account for this observation is that EMB treatment results in less selective pressure on EmbC relative to that on EmbA and EmbB. This could occur because the expression level of EmbC is less than those of the other two Emb proteins or because EmbC interacts with EMB in a fundamentally different way compared to the way in which it interacts with EmbA and EmbB. On the presumption that M. avium is evolutionarily older than M. tuberculosis, it is reasonable to speculate that the embC gene was added to the genome after embA and embB were already present, presumably by a gene duplication event. Under this hypothesis, the region immediately upstream of embA in M. tuberculosis is analogous to the regulatory region upstream of embA in M. avium. The identities of 35 of 47 nucleotides upstream of embA in M. avium and M. tuberculosis and the lack of identity of nucleotides upstream of embC with embA of M. avium supports this idea. If this thesis is correct, it suggests that the region upstream of embA in M. tuberculosis may retain the capability to be transcriptionally regulated under appropriate conditions. The occurrence of EMB resistance-associated mutations in the embC-embA intergenic region and the dominance of EmbA and EmbB amino acid replacements in resistant organisms support this idea.
On the basis of computer modeling, the Emb proteins were predicted to be integral membrane proteins that consist of multiple ␣-helical segments spanning the bacterial membrane. There were reported to be 12 transmembrane domains and a carboxy-terminal globular region of approximately 375 amino acids with a predicted noncytoplasmic location. It was reported that the ERDR of EmbB that contains amino acid residue 306 maps to a region predicted to be located in a cytoplasmic loop. Telenti et al. (35) modeled EmbB by the method described by Rost and Sander (28) which uses multiple amino acid sequence alignments as input to neural networks in predicting protein secondary structure. The method had an overall accuracy of 72% in a multiple cross-validation test with 126 unique proteins. We used the method described by Sonnhammer et al. (30) to analyze the potential locations of all EMB resistanceassociated variant amino acids identified in EmbC, EmbA, and EmbB (Fig. 5) . Only 1 of the 21 variant amino acid positions (EmbA462) was predicted to be located in a transmembrane region. Interestingly, 17 of the other 20 amino acids with EMB resistance-associated replacements were predicted to be located exterior to the cell membrane. Moreover, the region of EmbB that contains the majority of resistance-associated mutations identified in our study and previous analyses (EmbB297 to EmbB406), including the ERDR, was predicted to be on a single segment of EmbB located outside the cell membrane.
The modeling method used by Sonnhammer et al. (30) is based on a hidden Markov model (HMM) with an architecture that corresponds closely to the biology of the protein. This modeling method correctly predicted the entire topology for 77% of 160 proteins in a validation test. The neural network model used by Telenti et al. (35) predicted 12 transmembrane helices in EmbB, whereas the HMM method predicted only 11 transmembrane helices. Both modeling methods predicted seven of the transmembrane helices located toward the carboxy end, and the orientations of the cytoplasmic and extracytoplasmic loops were identical in both models. However, the two models diverged at the fourth transmembrane helix predicted by the neural network method; this helix is not predicted by the HMM method. The lack of prediction of this helix results in a reversal of the orientation of the major loop containing the majority of amino acid replacements identified in resistant organisms. Instead of a cytoplasm orientation predicted by the method of Rost and Sander (28) , this loop is now predicted to be located on the extracytoplasmic side of the membrane. The prediction of loops is generally based on a "positive-inside rule" because positively charged amino acids are commonly located on the cytoplasmic side of the membrane. These positively charged amino acids are usually found in relatively short loops and function to guide the orientation of helices by preventing translocation across the membrane. Longer loops that contain positively charged amino acid residues are transferred across the membrane by a different mechanism. The HMM uses algorithms to predict short loops and long loops separately for the noncytoplasmic loops, an approach that corresponds to the biology of the two known mem-brane insertion mechanisms. Clearly, modeling alone is not sufficient to determine the true orientations of the amino acids in proteins. However, the model predicted by the method of Sonnhammer et al. (30) has the potential advantage of orienting the loop containing the majority of altered amino acids on the extracytoplasmic side of the membrane, a location that may permit ready protein-drug interaction. Studies are under way to investigate this issue more fully.
Mutations in putative regulatory genes. Our analysis identified several EMB resistance-associated polymorphisms in embR and Rv3124, two genes that encode proteins that are homologous with EmbR in M. avium. EmbR is related to known transcriptional activators such as ToxR, a protein that regulates cholera toxin production in Vibrio cholerae (5). Belanger et al. (5) reported that EmbR in M. avium modulated the level of arabinosyltransferase activity in vitro, a result suggesting a role for EmbR in regulating transcription of embA and/or embB. Although no data that bear on the possibility that EmbR or the protein encoded by Rv3124 participate in regulation of the embCAB genes are available, the occurrence of mutations in these putative regulatory genes that are exclusively found in EMB-resistant organisms suggests that this may be the case.
The mutant alleles identified in our study provide an important resource for future studies to address this issue.
Implications for rapid identification of EMB-resistant M. tuberculosis. The identification of missense and other mutations in the 12 genes that were sequenced and that are exclusively found in EMB-resistant organisms has practical implications for tuberculosis diagnostics. Many EMB-resistant organisms could be identified rapidly by molecular methods that interrogate the region encompassing embB codon 306 to embB codon 406. Contrary to the situation with rifampin and pyrazinamide resistance, in which greater than 90% of resistant organisms have sequence alterations in a relatively short gene or gene region, the technical problems associated with the development of a rapid method for the detection of mutations in at least 12 genes at a reasonable cost are unusually daunting (27) . Presumably, DNA array technology could be used for this purpose. However, even if technical difficulties could be overcome, our data suggest that only about 75% of EMB-resistant organisms could be rapidly detected. The best strategy at present for molecular diagnostics is selective targeting of the region of embB encoding roughly amino acids 300 to 500. EMB-resistant organisms lacking mutations in the 12 genes studied. Although we sequenced in entirety all genes that have thus far been found to potentially participate in EMB resistance, our analysis found that 24% of isolates in this sample lacked a resistance-associated mutation. The EMB MICs for the 18 strains that lacked mutations ranged from 10 to Ͼ50 g/ml. This range of MICs suggests that phenotypic resistance in these organisms is unlikely to be due to the same mutation(s) in all 18 strains. These 18 EMB-resistant strains will be useful in the search for additional genetic loci that participate in EMB resistance. Isolation and characterization of all genes that participate in EMB resistance is critical to the development of a comprehensive understanding of the mechanism of action of this drug and potentially to the development of new therapeutics.
Summary. The identification of amino acid replacements and other molecular changes exclusively among EMB-resistant M. tuberculosis isolates does not prove that they confer or otherwise participate in resistance to this drug. Additional molecular genetic, biochemical, and enzymatic studies are required to prove that the mutations that we identified participate in the response of M. tuberculosis to EMB treatment. Nevertheless, the sequence data provided by analysis of all 12 genes potentially involved in EMB resistance is an important first step toward gaining additional insight into the molecular genetics of resistance to this drug in M. tuberculosis.
